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Red clover necrotic mosaic virus Canadian strain (RCNMV-Can) induces symptoms on host plants at 17°C, but not at 25°C.
We investigated the temperature sensitivity of RCNMV-Can in Nicotiana benthamiana plants and protoplasts using infectious
transcripts of genomic RNAs 1 and 2. Viral RNAs accumulated in both inoculated and noninoculated leaves at 17°C, whereas
no viral RNAs were detected at 25°C in either inoculated or noninoculated leaves. Similar temperature sensitivity in RNA
accumulation was observed in protoplasts, and no viral RNAs were detected at temperatures above 22°C. These results
indicate that the temperature sensitivity of RCNMV-Can occurs at an early stage of infection, including during RNA
replication. Using reassortant viruses and chimeric RNAs 1 between RCNMV-Can and the RCNMV Australian strain, which
accumulates viral RNAs at nonpermissive temperatures for RCNMV-Can, we demonstrated that a viral determinant for the
temperature sensitivity resides in the 3-untranslated region of RNA1. © 2002 Elsevier Science (USA)INTRODUCTION
Red clover necrotic mosaic virus (RCNMV) is a mem-
ber of Dianthovirus that includes Carnation ring spot
virus (CRSV) and Sweet clover necrotic mosaic virus
(SCNMV) (Hiruki, 1987). The genome of RCNMV con-
sists of two positive-sense single-stranded RNAs
(Gould et al., 1981; Okuno et al., 1983; Hiruki, 1987).
RNA1 encodes a functionally unknown 27-kDa protein
(p27) and an 88-kDa protein (p88) with an RNA-depen-
dent RNA polymerase (RdRp) motif (Koonin, 1991) that
is produced by a ribosomal frameshift (Xiong et al.,
1993b; Kim and Lommel, 1994). The proteins p27 and
p88 are components of partially purified, template-
dependent RNA polymerase extracted from RCNMV-
infected tissue (Bates et al., 1995). RNA1 also encodes
a 37-kDa coat protein (CP) expressed from a sub-
genomic RNA (Zavriev et al., 1996). CP is not neces-
sary for cell-to-cell movement of RCNMV, and depend-
ing on host genotypes and environmental factors, may
or may not be required for long-distance movement
(Xiong et al., 1993a). RNA2 encodes a 35-kDa move-
ment protein (MP) that is required for virus movement
in plants (Lommel et al., 1988; Xiong et al., 1993a).
While RNA2 is not required for the replication of RNA1
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320in protoplasts (Osman and Buck, 1987; Paje-Manalo
and Lommel, 1989; Fujiwara et al., 1993), a 34-nucle-
otide (nt) sequence in RNA2 is required for the tran-
scription of subgenomic RNA from RNA1 (Sit et al.,
1998). The 3-proximal 27 nt of two genomic RNAs of
RCNMV are highly homologous and potentially capa-
ble of forming a stable stem-loop structure (Lommel et
al., 1988; Xiong and Lommel, 1989). The stem-loop
structure and upstream sequences in the 3-untrans-
lated region (3-UTR) of RNA2 were shown to be im-
portant for RNA2 replication (Turner and Buck, 1999).
During propagation of several strains of RCNMV, we
found that RCNMV Canadian strain (RCNMV-Can) did not
induce any symptoms on the inoculated leaves of
Phaseolus vulgaris, Vigna sinensis, Chenopodium qui-
noa, and Nicotiana benthamiana at 25°C, and no virus
was recovered from the plants. In contrast, RCNMV Aus-
tralian strain (RCNMV-Aus) induced necrotic symptoms,
and infectious viruses were recovered from host plants
maintained at 25°C as well as at 17°C (A. Mori and T.
Okuno, unpublished data). In general, during the process
of systemic infection, positive-sense single-stranded
RNA viruses uncoat to release genomic RNA in the
cytoplasm of host cells and replicate by using replication
proteins that are translated from genomic RNA. The vi-
ruses then move from an infected cell to adjacent cells
via plasmodesmata. Finally, the viruses enter the phloem
and rapidly move systemically through the vascular sys-Key Words: 3-untranslated region; Red clover necrotic
sequence; RNA replication.
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tem to noninoculated leaves (Matthews, 1991). The tem-
perature sensitivity of RCNMV-Can could result from theonmosa
arrest of any steps described above at nonpermissive
temperature.
To investigate infection steps and viral factors respon-
sible for the temperature sensitivity of RCNMV-Can, we
constructed full-length cDNA clones of RCNMV-Can from
which infectious transcripts of genomic RNAs 1 and 2
could be transcribed in vitro. These cDNA clones were
used to obtain chimeric viruses with RCNMV-Aus (Xiong
and Lommel, 1991) that infected host plants at tempera-
ture nonpermissive for RCNMV-Can. Using reassortant
viruses and the chimeric RNAs 1 constructed between
RCNMV-Can and RCNMV-Aus, we demonstrated that the
temperature sensitivity of RCNMV-Can occurred during
RNA replication and that the determinant of temperature
sensitivity resides in the 3-UTR of RNA1. We discuss the
role of the 3-UTR in virus RNA replication.
RESULTS
Construction of full-length RCNMV-Can cDNA clones
We first determined precise 5- and 3-proximal nucle-
otide sequences of RNA1 and RNA2 using 5- and 3-
Rapid amplification of the cDNA ends (RACE) methods
(Frohman et al., 1988). Based on the nucleotide se-
quences of 5- and 3-RACE products, two sets of prim-
ers were designed and used to amplify genomic RNAs 1
and 2. Primers specific for the 5 end of genomic RNAs
contained one G residue between the T7 promoter and
the viral sequence for efficient transcription by T7 poly-
merase (Xiong and Lommel, 1991), and a SacI restriction
enzyme site for cloning. Primers specific for the 3 end of
genomic RNAs were designed to introduce a SmaI re-
striction enzyme site to generate transcripts having the
authentic 3 end of viral sequences. The PCR products
were size-selected, digested with SacI and SmaI, and
cloned into pUC118.
In vitro transcripts were synthesized from SmaI-linear-
ized cDNA clones, nine clones for RNA1 and six clones
for RNA2. Transcripts of RNA1 and RNA2, respectively,
were tested for their infectivity by coinoculation with
RNA2 or RNA1 of RCNMV-Aus (Xiong and Lommel, 1991)
on C. quinoa at 17°C. RNA1 and RNA2 transcripts from
five of each clone induced symptoms in the assay. Of five
cDNA clones, three clones for each RNA1 and RNA2
were selected based on infectivity on C. quinoa. The
transcripts of RNA1 and RNA2 were then combined with
each other and tested for temperature sensitivity on C.
quinoa at 17 and 25°C. All combinations of these tran-
scripts induced symptoms at 17°C, but not at 25°C. The
cDNA clones pRCAN1 and pRCAN2, whose transcript
mixture consistently induced the most severe symptoms
on C. quinoa, were selected and used for further study.
These cDNA clones were sequenced and registered in
the DDBJ database as AB034916 and AB034917 for RNA1
and RNA2, respectively. The genome organization of RC-
NMV-Can is schematically presented in Fig. 1.
Biological properties of RNA1 and RNA2 derived from
pRCAN1 and pRCAN2 in plants
N. benthamiana plants inoculated with in vitro tran-
scribed genomic RNAs 1 and 2 of RCNMV-Can devel-
oped systemic mosaic symptoms at 17°C, but at 25°C no
symptoms were induced on either inoculated or nonin-
oculated upper leaves, even at 14 days postinoculation
(dpi). No infectious virus was recovered from these
leaves, as assessed by lesion formation on C. quinoa. On
the other hand, N. benthamiana plants inoculated with in
vitro transcribed genomic RNAs 1 and 2 of RCNMV-Aus
developed systemic symptoms at 25°C as well as at
17°C, and infectious virus was recovered from these
plants.
To investigate the effects of temperature on virus RNA
accumulation in plants, N. benthamiana plants were in-
FIG. 1. Schematic of RCNMV-Can genomic RNA1 and RNA2 and location of restriction enzyme sites used for subcloning. Each open box represents
an ORF defined by sequence analysis in this study. The nucleotide positions of the initiation and termination codons are indicated either above or
below the ORF. Black bars represent proteins putatively synthesized in vivo relative to the regions of RCNMV-Aus genomic RNAs (Lommel et al., 1988;
Xiong and Lommel, 1989).
321TEMPERATURE SENSITIVITY OF RCNMV
oculated with RNA transcripts of RCNMV-Can and RC-
NMV-Aus, and total RNA extracted from inoculated and
noninoculated upper leaves 10 dpi was analyzed by
Northern blot method using a mixture of RNA probes
complementary to the 3 sequences of RNA1 and RNA2.
In plants inoculated with RCNMV-Can, RNAs 1 and 2
accumulated in both inoculated and noninoculated up-
per leaves at 17°C, but no RNA signals were detected at
25°C in either leaves (Fig. 2). In contrast, RNAs 1 and 2
of RCNMV-Aus accumulated at 25°C as well as at 17°C
in both inoculated and upper noninoculated leaves, al-
though the accumulation levels at 25°C were low com-
pared to those at 17°C (Fig. 2).
Viral RNA accumulation in protoplasts
The temperature sensitivity of RCNMV-Can observed
in plants could have resulted from a deficiency in either
RNA replication in single cells or in cell-to-cell movement
in inoculated leaves. To determine which steps were
responsible for the temperature sensitivity, we analyzed
virus RNA accumulation in N. benthamiana protoplasts
inoculated with RCNMV-Can and RCNMV-Aus. Total RNA
was extracted from protoplasts immediately after inocu-
lation (0 h) and at 3, 24, and 40 h postinoculation (hpi) at
17, 22, and 25°C and was analyzed by the Northern blot
method. RNA probes that specifically hybridize the 3-
UTR of RNA1 and that of RNA2 were used independently,
because the nucleotide length of subgenomic RNA of
RCNMV is nearly the same as that of RNA2 (Zavriev et al.,
1996). The genomic and subgenomic RNAs of RCNMV-
Can accumulated at 17°C at 24 and 40 hpi, whereas
signals corresponding to these RNAs were not detected
at 22°C (Fig. 3). Results at 25°C were similar to those at
22°C (data not shown). In contrast, genomic and sub-
genomic RNAs of RCNMV-Aus accumulated at 22°C as
well as at 17°C (Fig. 3). The genomic and subgenomic
RNAs were also detected at 25°C, although the RNA
accumulation levels were low compared to those at 17 or
22°C (data not shown). Considering the results, 22°C
was used as a nonpermissive temperature for RCNMV-
Can in further experiments. Signals observed at 0 hpi
seemed to be inoculum RNA, because they were either
not detected or their intensity became weak at 3 hpi. The
results indicated that the temperature sensitivity of RC-
NMV-Can occurs at an early stage of virus infection,
including during RNA replication.
Viral factors involved in temperature sensitivity
The genome of RCNMV consists of two RNA mole-
cules, RNA1 and RNA2. To determine which RNA is
involved in temperature-sensitive RNA accumulation of
RCNMV-Can, reassortants constructed between RC-
NMV-Can and RCNMV-Aus were tested for infection in N.
benthamiana protoplasts at 17 and 22°C. In protoplasts
inoculated with a reassortant composed of RCNMV-Aus
RNA1 and RCNMV-Can RNA2, viral RNAs accumulated
at either 17 or 22°C. In protoplasts inoculated with an-
other reassortant composed of RCNMV-Can RNA1 and
RCNMV-Aus RNA2, however, viral RNAs accumulated
only at 17°C (Fig. 3). Similar temperature sensitivity was
also observed in inoculations with RCNMV-Can RNA1
alone (data not shown). These results indicate that de-
terminants of the temperature sensitivity of RCNMV-Can
FIG. 2. Accumulation of genomic RNAs in inoculated (I) and nonin-
oculated upper leaves (U) of N. benthamiana plants. Plants were
inoculated with in vitro RNA transcripts of RCNMV-Can and RCNMV-
Aus and maintained at 17 and 25°C for 10 days. Total RNA (500 ng)
extracted from leaves was separated by gel electrophoresis and blot-
ted onto a membrane. The membrane was then probed with DIG-
labeled RNAs specific to genomic RNAs of RCNMV-Can or RCNMV-
Aus. The positions of RNA1 and RNA2 are shown on the left.
FIG. 3. Accumulation of genomic and subgenomic RNAs in N. benthamiana protoplasts inoculated with RNA1 plus RNA2 of RCNMV-Can (Can/Can),
RNA1 plus RNA2 of RCNMV-Aus (Aus/Aus), RCNMV-Can RNA1 plus RCNMV-Aus RNA2 (Can/Aus), or RCNMV-Aus RNA1 plus RCNMV-Can RNA2
(Aus/Can). Protoplasts were incubated at 17 and 22°C. Total RNA (1 g) extracted from protoplasts immediately after inoculation (0 h) and at 3, 24,
and 40 h postinoculation was separated by gel electrophoresis and blotted onto a membrane. The membrane was then probed with DIG-labeled RNA
specific to viral RNAs of RCNMV-Can or RCNMV-Aus. Probes specific to RNA1 and RNA2 were used independently to detect subgenomic RNA.
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reside in RNA1 and that RNA2 or MP is not directly
involved in the temperature sensitivity.
To delimit further the viral elements of RNA1 involved
in the temperature sensitivity, chimeric RNAs 1 between
RCNMV-Can and RCNMV-Aus were constructed using a
unique XhoI site present at a corresponding position in
RNA1 of both virus cDNA clones. The chimeric RNAs 1
were coinoculated with RCNMV-Aus RNA2 to N.
benthamiana protoplasts, and the accumulation of RNA2
was analyzed by the Northern blot method using a probe
that specifically hybridized to RCNMV-Aus RNA2. A chi-
meric RNA1 (CA/Xho), in which the 5 region from the
XhoI site was from RCNMV-Can and the remainder from
RCNMV-Aus, directed RNA2 accumulation at 22°C as
well as at 17°C (Fig. 4). The result suggests that viral
elements involved in the temperature sensitivity do not
reside in the 5 proximal region of RCNMV-Can RNA1
and also show that chimeric p88 of CA/Xho functioned
for RNA replication. Another chimeric RNA1 (AC/Xho), in
which the 5 region from XhoI site was from RCNMV-Aus
and the remainder was from RCNMV-Can, failed to rep-
licate RNA2 even at 17°C (Fig. 4), suggesting that p88 of
AC/Xho does not function. We did not investigate the
properties of AC/Xho in this study.
To delimit further the viral elements involved in tem-
perature sensitivity, we created chimeric RNAs 1 in
which the 3-UTR was substituted between RCNMV-Can
and RCNMV-Aus. These chimeric RNAs 1 were coinocu-
lated with RCNMV-Aus RNA2 to N. benthamiana proto-
plasts, and accumulation of RNA2 was analyzed as de-
scribed above. Both chimeric RNAs 1 directed RNA2
accumulation at 17°C. However, a chimeric RCNMV-Aus
RNA1 (AC/3) having the 3-UTR of RCNMV-Can did not
direct RNA2 accumulation at 22°C, whereas a chimeric
RCNMV-Can RNA1 (CA/3) having the 3-UTR of RCNMV-
Aus directed RNA2 accumulation at 22°C (Fig. 4). Similar
results were obtained by analyzing accumulations of
RNA1 and subgenomic RNA in Northern blots using
probes specific to RNA1 (data not shown). CA/3 showed
the same phenotype with RCNMV-Aus in N. benthamiana
plants (data not shown).These results indicate that the
3-UTR of RCNMV-Can contains cis-acting elements di-
rectly involved in the temperature-sensitive phenotype of
RCNMV-Can.
It has been shown that the 3-proximal stem-loop
structure of RCNMV-Aus RNA2 is required for replication
of RNA2 (Turner and Buck, 1999). In RCNMV-Can as well
as in RCNMV-Aus, this stem-loop structure is almost
identical between RNA1 and RNA2. These structural sim-
ilarities suggest that the stem-loop structure in the 3-
FIG. 4. Accumulation of RNA2 in N. benthamiana protoplasts inoculated with chimeric RNAs 1 of RCNMV-Can and RCNMV-Aus plus RCNMV-Aus
RNA2. On the left are schematics of the chimeric RNAs 1. Each box represents an ORF as defined by an initiation and termination codon. Each bar
indicates an untranslated region. Sequences of RCNMV-Can and RCNMV-Aus are indicated by white and shaded rectangles, respectively. The
accumulation of RNA2 was analyzed by Northern blot method (right). Inoculated protoplasts were incubated at 17 and 22°C. Total RNA (1 g)
extracted from protoplasts 3 and 40 h postinoculation was separated by gel electrophoresis and blotted onto a membrane. The membrane was then
probed with DIG-labeled RNA specific to RCNMV-Aus RNA2.
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UTR of RNA1 is likely to be a cis-acting element required
for RNA1 replication. Comparison of nucleotide se-
quence in the stem-loop structure of RNA1 between
RCNMV-Can and RCNMV-Aus revealed single nucleotide
alteration of C in RCNMV-Aus to U in RCNMV-Can in the
left arm of the stem. This C to U alteration results in a
U-G wobble-pair in RCNMV-Can instead of a stable C-G
pair in RCNMV-Aus. To investigate whether this single
nucleotide alteration is involved in temperature sensitiv-
ity of RCNMV-Can, we constructed Can1/A3stm, whose
stem structure is identical to that of RCNMV-Aus by
converting U to C in the left arm of the stem structure in
RCNMV-Can RNA1. Can1/A3stm directed RNA2 accu-
mulation at 22°C as well as at 17°C (Fig. 4). To further
investigate whether this single nucleotide difference in
the 3-proximal stem-loop structure alone is a determi-
nant of temperature-sensitive phenotype of RCNMV-Can,
we converted C to U in the left arm of the stem structure
in CA/3. Interestingly, CA/C3stm still had the ability to
direct RNA2 accumulation at 22°C (Fig. 4). These results
indicate that both the 3-proximal stem-loop structure
and the other regions in the 3-UTR of RNA1 are involved
in RCNMV RNA accumulation at 22°C.
DISCUSSION
RCNMV-Can was originally isolated from field-infected
red clover plants (Trifolium prantese) in British Columbia,
Canada (Ragetli and Elder, 1977). This virus infected
legumes including red clover plants only when the plants
were kept below 17°C (Ragetli and Elder, 1977; Okuno et
al.,1983). To obtain a genetic system to analyze the tem-
perature sensitivity of RCNMV-Can, we constructed
cDNA clones of the genomic RNA1 and RNA2 of the
virus, from which infectious transcripts with temperature-
sensitive phenotype could be obtained. The present
study suggested that the temperature-sensitive pheno-
type of RCNMV-Can observed in plants results from a
deficiency in viral RNA replication, but not from a defi-
ciency in cell-to-cell movements at nonpermissive tem-
perature, because the temperature sensitivity was ob-
served in single cells. The findings also showed that a
primary determinant for the temperature sensitivity was
the nucleotide sequence in the 3-UTR of RNA1, and not
proteins encoded by RNA1, including p27 and p88, which
are thought to be components of RNA replicase (re-
viewed by Buck, 1996).
The 3-UTRs of positive-strand viruses are either
tRNA-like structures (TLSs), poly(A) tails, or some other
type of non-TLS heteropolymeric sequence (Buck, 1996;
Dreher, 1999). Non-TLS heteropolymeric 3-termini are
widely found among plant viruses, including Sobemo-,
luteo-, tombus-, and closterovirus, as well as in coli-
phages and animal flaviviruses (Buck, 1996). To date,
however, no general commonalities have been dis-
cerned among these terminal structures. The genome of
RCNMV also has non-TLS heteropolymeric 3-termini,
and the 3-proximal 27 nucleotides of genomic RNAs 1
and 2 of RCNMV, which can be folded into a stem-loop
structure, are almost identical. The stem-loop structure
of RCNMV-Aus RNA2 is needed for RNA2 replication
(Turner and Buck, 1999). In this study, we showed that
single nucleotide change from U to C in the left arm of
the stem-loop structure in RCNMV-Can RNA1, which sta-
bilizes the stem structure, was sufficient to change the
temperature sensitivity of RCNMV-Can and to direct virus
RNA accumulation at nonpermissive temperature. This
suggests that the 3-proximal stem-loop structure of
RNA1 plays an important role in RNA accumulation.
These results also suggest that stability of the 3-proxi-
mal stem-loop structure is one factor which affects tem-
perature-sensitive RNA accumulation of RCNMV-Can. In-
volvement of RNA structural change through single base
pair in temperature-sensitive phenotype has been re-
ported in the enteroviral 3-UTR. Analysis of kissing do-
main in the 3-UTR of Coxsackie B3 virus, which is
involved in the initiation of negative-strand RNA synthe-
sis, indicated that alteration of G-C base pair into a G-U
wobble-pair resulted in a virus which exhibited a tem-
perature-sensitive phenotype (Wang et al., 1999). Inter-
estingly, CA/C3stm that had a destabilized 3-proximal
stem-loop structure with a G-U wobble-pair directed vi-
rus RNA accumulation at nonpermissive temperature
(Fig. 4). CA/C3stm is identical to RCNMV-Can RNA1
except for the upstream region of the 3-proximal stem-
loop structure in the 3-UTR, indicating that the upstream
region is also involved in structural requirement for virus
RNA accumulation at nonpermissive temperature. Com-
parison of 3-UTRs in RNA1 between RCNMV-Can and
RCNMV-Aus revealed a difference of 43 nt (88.2% iden-
tity). However, there is no obvious difference in GC con-
tent in 3-UTR between RCNMV-Aus and RCNMV-Can
(48.8 and 47.1%, respectively). Taken together, any nucle-
otides or RNA structural difference between RCNMV-Aus
and RCNMV-Can in the upstream region of the 3-prox-
imal stem-loop may complement the effects of destabi-
lized 3-proximal stem on RNA accumulation at nonper-
missive temperature.
In positive-sense RNA viruses, the 3-UTR is the site of
importance in leading to the onset of replication of
genomic RNAs, because negative strands that serve as
a template for genomic RNAs must be synthesized from
that terminus. This concept was emphasized by studies
of the 3-UTR of many RNA viruses, including Tobacco
mosaic virus (Osman et al., 2000), Turnip yellow mosaic
virus (Deiman et al., 1998), Brome mosaic virus (Chap-
man et al., 1998), Alfalfa mosaic virus (van Rossum et al.,
1997), and Coxsackie B virus (Melchers et al., 1997). In
addition to the minus-strand promoter, the 3-UTR could
also serve as cis elements in enhancing translational
expression (Leathers et al., 1993; Gallie and Kobayashi,
1994) and in maintaining intact termini (Dreher et al.,
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1989). It is noteworthy that we failed to detect any neg-
ative strand of genomic RNAs of RCNMV-Can by the
Northern blot method at nonpermissive temperature
(data not shown). This could be explained by distortion of
the promoter elements involved in the initiation of minus-
strand synthesis at nonpermissive temperature. This is
supported by the lack of temperature sensitivity in in vitro
RNA synthesis in the crude membrane-bound cellular
fraction prepared from RCNMV-Can-infected plants or
protoplasts (K. Shimada and T. Okuno, unpublished re-
sults).
To date little is known about cis-acting sequences in
RNA1, including the 3-UTR needed for its replication,
because direct mutational analysis of cis-acting se-
quences of RNA1 that encode viral replication proteins
would suffer from the disadvantage that mutations could
affect synthesis of essential replication proteins, as well
as replication per se. Further analysis of the temperature
sensitivity observed in RCNMV-Can will facilitate the
identification of the cis-acting element involved in repli-
cation of RCNMV RNA.
MATERIALS AND METHODS
Preparation of virus and viral RNA
RCNMV-Can (a gift from Dr. Hiruki) was propagated on
P. vulgaris at 17°C in a plant growth chamber (NK Sys-
tems, Osaka, Japan) and purified as described previously
(Okuno et al., 1983). Viral RNA was extracted from puri-
fied virus (Kroner et al., 1989).
Rapid amplification of the cDNA ends
5- and 3-RACE analysis (Frohman et al., 1988) was
performed to determine sequences at the 5 and 3 end
of RCNMV-Can genomic RNAs. The primers used were
as follows: poly(T) adapter, 5CGACTCGAGTCGACATC-
GAT16 3; adapter, 5CGACTCGAGTCGACATCGA 3; S/R1
int5, 5TGAGCAGATAAACCGCAATC3 (RCNMV-Aus RNA1,
plus sense, nt 1853–1872); S/R2 int5, 5TGACACAAG-
CAGGATGGAGA3 (RCNMV-Aus RNA2, plus sense, nt
674–693); 3R/C1, 5TACCCGGGGTACCTAGCCGTTATAC3
[RCNMV-Can RNA1, minus sense, 3 end 20 nt with
attached nucleotides (underlined) to create a SmaI
site]; Can2-3, 5TACCCGGGGTGCCTAGCCGTTATAC3
[RCNMV-Can RNA2, minus sense, 3 end 20 nt with
attached nucleotides (underlined) to create a SmaI site];
S/R1 int3, 5TTGCGTGGCAATGCAAACCG3 (RCNMV-
Aus RNA1, minus sense, nt 1963–1982); R/S2-420,
5GGAATTCAATATCATCAGGCAGGG3 (RCNMV-Aus RNA2,
minus sense, nt 420–436); T7Can1 5, 5GCGAGCTCTAA-
TACGACTCACTATAG*AACAAACGTTTTACCGG3 [RCNMV-
Can RNA1, plus sense, 5 end 17 nt with SacI site (italic),
the T7 promoter (underlined), and an extra guanine res-
idue (asterisk) (Xiong and Lommel, 1991)]; T7Can2 5,
5GCGAGCTCTAATACGACTCACTATAG*ACAAACCTC-
GCTCTTA3 [RCNMV-Can RNA2, plus sense, 5 end 17 nt
with an extra guanine residue (asterisk)].
Fractionated viral RNAs were polyadenylated using a
poly(A) polymerase (Takara, Otsu, Japan) for 30 min at
37°C. The first-strand cDNAs were synthesized with a
poly(T) adapter and Superscript II (Invitrogen). PCR was
then carried out using two primer sets. Adapter and
S/R1int5 amplify the 2.0-kb 3-terminal region of RNA1.
Adapter and S/R2 int5 amplify the 0.8-kb 3-terminal
region of RNA2. The PCR products were size-selected
and digested with XhoI for RNA1 cDNA and with XbaI
and SalI for RNA2 cDNA. The digested cDNAs were
cloned into pUC118 and then sequenced by the
dideoxynucleotides chain termination method with a
DNA autosequencer (Model 377A; Applied Biosystems,
Foster City, CA).
To determine the 5-end sequence, fractionated viral
RNAs were reverse-transcribed as described above us-
ing a primer 3R/C1 specific to RNA1, or a primer Can2-3
specific to RNA2 without poly(T) adapter. Excess primers
were removed using a SPUREC-02 (Takara), and cDNAs
were polyadenylated using a terminal deoxynucleotidyl
transferase (Takara) for 30 min at 37°C and heated for 3
min at 65°C. The reaction mixture used for amplification
contained 2 pmol poly(T) adapter, 24 pmol adapter, and
24 pmol reverse primers (S/R int3 for RNA1 cDNA and
Can2-3 for RNA2 cDNA) in a 50-l PCR cocktail. Ali-
quots of 1 l PCR products were used for a second PCR
using two primer sets. Adapter and S/R int3 amplify the
2.0-kb 5-terminal region of RNA1. Adapter and R/S2-420
amplify the 0.4-kb 5-terminal region of RNA2. The PCR
products were size-selected and digested with XhoI and
with EcoRI and SalI corresponding to cDNAs of RNA1
and RNA2, respectively. Digested DNAs were cloned into
pUC118 and then sequenced as described above.
Sequence analysis
Full-length cDNA clones were digested with several
restriction enzymes (Fig. 1) and the fragments were
cloned into pUC118. The plasmids were used for se-
quencing templates. DNA sequence data were analyzed
by DNASIS-Mac software (Hitachi Software Engineering,
Yokohama, Japan).
Construction of chimeric RNA1
Full-length cDNA clones of RCNMV-Aus RNA1
(pRC1G) and RNA2 (pRC2G) were kindly provided by Dr.
S. A. Lommel. Chimeric RNAs 1 of RCNMV-Can and
RCNMV-Aus were constructed at the DNA level by ma-
nipulating and cloning gel-purified DNA restriction frag-
ments. Recombinants were confirmed by DNA sequenc-
ing. The resulting DNAs were used as templates for in
vitro transcription by T7 RNA polymerase.
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pCA/Xho and pAC/Xho were constructed by introduc-
ing a XhoI–SmaI (1957-bp) fragment from pRC1G and
pRCAN1 into XhoI–SmaI-digested pRCAN1and pRC1G,
respectively.
pCA/3, in which the 3-UTR of RCNMV-Can RNA1 was
replaced with that of RCNMV-Aus, and pAC/3, in which
the 3-UTR of RCNMV-Aus was replaced with that of
RCNMV-Can, were constructed by PCR as described by
Higuchi et al. (1988).
pAC/3 was constructed as follows. A cDNA fragment
(1600 nt) of RCNMV-Aus RNA1 from 1852 to 3452 was
amplified by PCR from pRC1G using primer S/R1 int5
and primer AC3-[CCAATTAACCAATTAACCAAGTATGAA-
AGTG; RCNMV-Can sequence with attached nucleotides
(underlined)]. A cDNA fragment (443 nt) of RCNMV-Can
RNA1 from 3445 to 3889 was amplified by PCR from
pRCAN1 using primer AC3 [CATACTTGGTTAATTGGT-
TAATTGGTTAGC; RCNMV-Aus sequence with attached
nucleotides (underlined)] and primer 3R/C1. Both DNA
fragments were denatured and annealed and the result-
ing mixture was used as a template for PCR. The newly
synthesized DNA duplex was PCR-amplified using prim-
ers S/R1 int5 and 3R/C1. The amplified 2.0-kb DNA
fragment was digested with MluI and SmaI and inserted
into the corresponding regions of pRC1G.
CA/3 was constructed as follows. A cDNA fragment
(1598 nt) of RCNMV-Can RNA1 from nt 1852 to 3450 was
amplified by PCR from pRCAN1 using primer S/R1 int5
and primer CA3-[CTTAAAAGAACCAACTAACCAGTGAC-
GTAG; RCNMV-Aus sequence with attached nucleotides
(underlined)]. A cDNA fragment of RCNMV-Aus RNA1
from nt 3447 to 3889 (441 nt) was amplified by PCR from
pRC1G using primer CA3 [CGTCACTGGTTAGTTGGT-
TCTTTTAAGTG; RCNMV-Aus sequence with attached nu-
cleotides (underlined)] and primer 3R/C1. Both DNA
fragments were denatured and annealed and the result-
ing mixture was used as a template for PCR. The newly
synthesized DNA duplex was amplified by PCR using
primers S/R1 int5 and 3R/C1. The amplified 2.0-kb DNA
fragment was digested with NheI and SmaI and inserted
into the corresponding regions of pRCAN1.
pCan1/A3stm and pCA/C3stm were constructed by
PCR-based mutagenesis. For each mutant, 2.0-kb DNA
fragment was amplified using S/R1 int5 and a reverse
primer containing sequence complimentary to the 3 end
of RCNMV-Can RNA1 containing the desired mutation
(asterisk) and attached nucleotides to create a SmaI site
(underlined). The amplified DNA fragment was digested
with NheI and SmaI and inserted into the corresponding
regions of in pRCAN1. pCan1/A3stm was produced us-
ing pRCAN1 as template with the reverse primer ATC-
CCGGGGTACCTAGCCGTTATACG*ACTAGG. pCA/C3stm
was produced using pCA/3as template with the reverse
primer ATCCCGGGGTACCTAGCCGTTATACA*ACTAGG.
Inoculation of plants and protoplasts and Northern
blot analysis
N. benthamiana plants were grown in pots containing
a mixture of vermiculite and peat moss (3:1) in a growth
room at 25°C with 16 h illumination per day and were
watered with one-fifth strength Hoagland’s solution
(Dhingra and Sinclair, 1985). Leaves of 3- to 4-week-old
plants were mechanically inoculated with capped tran-
scripts as described previously (Xiong and Lommel,
1991). Inoculated plants were grown in plant growth
chambers (NK System) at 17 or 25°C with 16 h illumina-
tion per day. Total RNA was extracted from leaves 10 dpi
as described previously (Allison et al., 1990). N.
benthamiana protoplasts (1.5  105 cells), isolated as
described by Okuno and Furusawa (1979), were inocu-
lated with 6 g each of capped transcripts, plus 400 g
yeast tRNA (Turner and Buck, 1999) by means of poly-
ethylene glycol (Ballas et al., 1987) and incubated as
described by Okuno and Furusawa (1979). Total RNA
was fractionated on 1.5% agarose gel, transferred onto a
Hybond N membrane (Amersham Pharmacia Biotech,
Buckinghamshire, U.K.) and then cross-linked on the
blots by UV illumination at 1200  100 J/cm2 with
Funa-UV-Crosslinker (Funakoshi, Tokyo, Japan). Mem-
branes were prehybridized for at least 1 h in UltraHyb
(Ambion, Austin, TX) at 68°C. The membranes were hy-
bridized at 68°C for 16 h with digoxigenin (DIG)-labeled
RNA probes (Roche Molecular Biochemicals, Indianap-
olis, IN). RNA probes for strand-specific detection of
RCNMV-Aus were prepared by cloning the PstI–SmaI
fragment (nt 3407–3889 of RNA1) of pRC1G and the
XbaI–SmaI fragment (nt 1030–1449 of RNA2) of pRC2G
into pSPT18 in antisense orientation behind the T7 pro-
moter. RNA probes for strand-specific detection of RC-
NMV-Can were prepared by cloning the HindIII–SmaI
fragment (nt 2569–3889 of RNA1) of pRCAN1, and the
HindIII–SmaI fragment (nt 119-1455 of RNA2) of pRCAN2
into pBluescript II KS() (Stratagene, La Jolla, CA) in
antisense orientation behind the T7 promoter. After lin-
earization, the inserts were transcribed in vitro with T7
RNA polymerase according to the manufacturer’s in-
structions. After washing, membranes were immersed in
a blocking solution (Roche Molecular Biochemicals) for
60 min and incubated with anti-digoxigenin-AP Fab frag-
ment (104 dilution). DIG-bound RNA was visualized with
CDP-Star according to the manufacturer’s protocol
(Roche Molecular Biochemicals). Chemifluorescence
was detected by exposing a membrane to X-ray film for
5 to 60 min.
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